We investigate the evolution of the abundance of the asymmetric thermal Dark Matter when its annihilation rate at chemical decoupling is boosted by the Sommerfeld enhancement. We perform the detailed analysis of the effect of s-and p-wave Sommerfeld enhanced annihilation cross section on the relic abundances of asymmetric Dark Matter particle and anti-particle both in numerical and analytical way. The constraints on the coupling and asymmetric factor are given by using the observational data of the relic density of Dark Matter.
Introduction
There are compelling evidences for the existence of Dark Matter from the astrophysical and cosmological observations. Despite this evidences, the nature of Dark Matter is not made clear until now. Asymmetric Dark Matter is one of the alternatives which is contrary to the common assumption that the Majorana particle neutralino could be the candidate for Dark Matter which is Weakly Interacting Massive Stable Particles (WIMPs) appeared in supersymmetry. The idea for asymmetric Dark Matter arises from the possible link between the baryon number density and the Dark Matter energy density [1, 2] . The average density of baryons with Ω b = 0.046 is comparable to that of Dark Matter. It is well known that the ordinary matter in the Universe is almost completely made from baryons, and the anti-baryons is contributing only a small fraction. The connection between the baryons and Dark Matter leads to the assumption that the Dark Matter particles can be asymmetric for which particles and antiparticles are not identical and there are more Dark Matter particles than antiparticles (or vice versa). There maybe a common principle for the Dark Matter asymmetry and baryon asymmetry.
Refs. [3, 4] discussed the relic abundance of the asymmetric Dark Matter in the standard cosmological scenario which assumed the asymmetric Dark Matter particles and anti-particles were in the thermal equilibrium in the end of the radiation dominated era and decoupled when they become nonrelativistic. In this scenario, usually it is assumed the anti-particles are completely annihilated away with their particles and there are particles in the end. They showed that the final abundances of the asymmetric Dark Matter particle and anti-particle are determined not only by the annihilation cross section, but also by the asymmetric factor which is the deviation of the co-moving densities of the particle and anti-particle that is stated later in this paper.
In this work, we investigate the asymmetric Dark Matter which is coupled to the sufficiently light force mediators and the interaction between the Dark Matter particle and anti-particle appeared as long-range interaction. In this case, the wavefunction of the asymmetric Dark Matter particle and antiparticle is distorted by the long-range interaction; it is the wellknown Sommerfeld effect which enhances the annihilation rate of the Dark Matter at low velocities. The effect of the Sommerfeld enhancement on the relic density for the symmetric Dark Matter was already investigated in [5, 6, 7, 8, 9, 10, 11] . In refs. [12, 13, 14, 15] , the authors discussed the asymmetric thermal Dark Matter with the Sommerfeld enhancement including the effect of the bound state of asymmetric Dark Matter. In this paper, we explore the relic density of the asymmetric Dark Matter particles and anti-particles when the annihilation cross section is enhanced by the Sommerfeld effect in different way. Here we only consider the Sommerfeld effect and neglect the effect of the bound state formation on the relic density of asymmetric Dark Matter. We found the particle abundance is not modified significantly when the annihilation rate is boosted by the Sommerfeld enhancement. However, for the Dark Matter anti-particle, the decrease of the abundance is more sizable than the case without including the effect of the Sommerfeld enhancement. We then use the Planck data to find the constraints on the parameter space of the asymmetric factor and the coupling strength.
The paper is arranged as following. Section 2 is devoted to find the thermal average of the Sommerfeld enhanced annihilation cross section for asymmetric Dark Matter. In Section 3, we study the numerical solution of the asymmetric Dark Matter particle and anti-particle abundances including the effect of the Sommerfeld enhancement. The analytical solution for the relic abundance of asymmetric Dark Matter is discussed in section 4. In section 5, the constraints on the parameter space are obtained by using the observational data of Dark Matter. In the last section, we summarize our results.
Sommerfeld enhanced annihilation cross section
For a massless light force carrier m φ (in the limit m φ → 0), the Sommerfeld factor for s-wave annihilation is
and for p-wave annihilation
where v is the relative velocity of two annihilating asymmetric Dark Matter particle and antiparticle, α is a coupling strength. Here we only consider the annihilation of the particle χ and anti-particleχ. Usually without considering Sommerfeld effect, the annihilation cross section for Dark Matter is Taylor expanded in v,
where a is the s-wave contribution to σv when p-wave is suppressed, b describes the pwave contribution to σv. After including Sommerfeld enhancement on the thermal average of annihilation cross section, we have
Here we use B s and B p to denote the Sommerfeld boost factor as
and
Following we obtain the analytic result of thermal average of the Sommerfeld enhanced annihilation cross section times relative velocity in approximate way. For the case, πα/v ≪ 1, we expand the factor (2πα/v)/(1 − e −2πα/v ) in Eqs. (5, 6) in Taylor series up to the second order,
Plugging the Taylor series into Eq.(4), we obtain
When α = 0, the standard annihilation cross section is recovered. We use Eq.(8) to find the well fitting rational functions by pade approximation that can reproduce the exact numerical results for the thermal average of the annihilation cross section times relative velocity,
where
Here we have to mention that the choice is not unique. 3 Numerical solution of the abundance of asymmetric
Dark Matter including Sommerfeld enhancement
After including Sommerfeld factor in the Boltzmann equation which describes the evolution of number densities of the asymmetric Dark Matter particle and anti-particle, we have dn χ,χ dt + 3Hn χ,χ = − σv S (n χ nχ − n χ,eq nχ ,eq ) ,
where χ is for particle andχ for anti-particle and n χ,eq = g χ mT 2π
3/2
nχ ,eq = g χ mT 2π
here we used the fact that chemical potential µχ = −µ χ in equilibrium, where g χ is the number of intrinsic degrees of freedom of the particle. Here H is the expansion rate of the universe,
where ρ rad = g * (T )π 2 /30 T 4 is the radiation energy density with g * being the effective number of relativistic degrees of freedom. Here it is assumed only the Dark Matter particle and anti-particle pairs can annihilate into Standard Model particles.
The Boltzmann equation in terms of the ratio of the number densities of the particle and anti-particle to entropy density Y χ,χ = n χ,χ /s, and dimensionless quantity x = m/T , is
where s = 2π 2 g * s /45 T 3 , with g * s being the effective number of entropic degrees of freedom.
Here we used the entropy conservation, λ = 1.32 mM Pl √ g * , M Pl is the reduced Planck mass, g * ≃ g * s and dg * s /dx ≃ 0. The subtraction of the Boltzmann equations for χ andχ results in
where η is a constant. Inserting this into the Boltzmann equation (16), then the relic abundances for the particle and anti-particle becomes
here Y 2 eq = Y χ,eq Yχ ,eq = (0.145g χ /g * ) 2 x 3 e −2x . We noted that Y 2 eq doesn't depend on the chemical potential µ χ .
In the standard picture of the particle evolution scenarios, it is assumed the asymmetric Dark Matter particles and anti-particles were in thermal equilibrium with the standard model plasma in the early universe. They decoupled from equilibrium whenever the interaction rate Γ drops below the expansion rate H. At this point the temperature is less than the mass of the asymmetric Dark Matter particles, T < m for m > |µ χ | [3, 4, 16] . This is the freeze-out temperature at which point the number densities of the asymmetric Dark Matter particle and anti-particle in a co-moving space are almost fixed. Fig.2 shows the evolution and Yχ for asymmetric Dark Matter particle and anti-particle without Sommerfeld effect, here α = 0 means the Sommerfeld factor is 1. The dotted (black) lines are for the case when the Sommerfeld factor α = 0.2. The dashed (blue) lines are for the case when the Sommerfeld factor α = 0.3 and double dotted (red) is for the equilibrium value of the antiparticle abundance. It is shown that the deviations between the particle abundances of the case with Sommerfeld enhancement and without are very small for the case α = 0.2 and α = 0.3. We found that the particle abundance is not affected appreciably comparing to the anti-particle abundance. The impact of the Sommerfeld enhancement on the relic abundance of anti-particle is more significant when the Sommerfeld factor α is larger. The similar results is obtained for the case of p-wave annihilation in plot (b). The asymmetric Dark Matter decouples later due to the boosted annihilation rate comparing to the case without Sommerfeld enhancement, and hence the relic abundances for particle and anti-particle are decreased in principle. For α = 0.2 and α = 0.3 in Fig.2 , the decreases are few orders less than η, then the particle abundances kept in the same order of η due to the relation Y χ − Yχ = η, because the anti-particle abundance is too small to alter the particle abundance in Eq.17. This is the reason why the particle abundance is not changed sizably comparing to the anti-particle abundance.
Analytical solutions
In order to find the analytic solution, we first write the Boltzmann equation (19) in terms of
For high temperature, Yχ ∼ Yχ ,eq , therefore we ignore ∆ 2 χ and d∆χ/dx, then
here Yχ ,eq = −η/2 + η 2 /4 + Y 2 eq , which is obtained by solving the Boltzmann equation (19) in equilibrium state. Eq.(21) is used to fixx F forχ.
At late time, when the temperature is low, x >x F , the equilibrium value of the relic abundance Yχ ,eq is negligible. Thus after dropping the term which is related to Yχ ,eq in Eq.(20),
here we assume that ∆χ(x F ) ≫ ∆χ(x ∞ ) and integrate Eq.(22) fromx F to ∞, then
The relic abundance for χ particle is obtained by using Eq. (17),
The final asymmetric Dark Matter relic density is
where we used Ω χ = ρ χ /ρ c with ρ χ = n χ m χ = s 0 Y χ m χ and ρ c = 3H 2 0 M 2 Pl , here s 0 ≃ 2900 cm −3 is the present entropy density, and H 0 is the Hubble constant. We use the equality, ξYχ ,eq (x F ) = ∆χ(x F ), to fix the freezing-out temperature, here ξ is a constant, usually we take ξ = √ 2 − 1 [16] .
Constraints
The constraints on the Dark Matter relic density comes from the cosmological observations.
The Planck date provided the Dark Matter relic density as
where the value of the present Hubble expansion rate is h = 0.673 ± 0.098 which is in units of 100 km s −1 Mpc −1 [17] . the asymmetry factor η, therefore, the curve is almost vertical for small η. When η becomes large, the relic abundance is nearly determined by the asymmetric factor. The larger α leads to the smaller decoupling temperature and hence to a smaller relic density. This is filled by increasing η.
Summary and conclusions
We investigated the relic density of asymmetric Dark Matter which is coupled to the light force mediator. When the mediator is light enough, the interaction between the asymmetric Dark Matter particle and anti-particle is emerged as long-range interaction which distorts the wavefunction of two incoming asymmetric Dark Matter particle and anti-particle . It is indeed the Sommerfeld effect which enhances the annihilation rate of the asymmetric Dark
Matter at low velocity. The relic density of asymmetric Dark Matter is explored when the annihilation cross section is boosted by the Sommerfeld effect. First, we found the thermal average of the Sommerfeld enhanced annihilation cross section. Then we derive the analytic formulae for the relic abundances of the asymmetric Dark Matter particle and anti-particle.
We found the abundance for the asymmetric Dark Matter particle is not affected too much when the annihilation cross section is boosted by the Sommerfeld effect. On the other hand, the decrease of the relic abundance of the asymmetric Dark Matter anti-particle is more obvious than the particle due to the Sommerfeld enhancement. The size of the decrease depends on the Sommerfeld factor α. For larger α, there is sizable decrease of the relic abundance.
We obtained the constraints on the Sommerfeld factor α and the asymmetry factor η for several sets of parameters when the observed Dark Matter relic density is Ω DM h 2 = 0.1199 which is given by the Planck team. The constrained value of α by the Dark Matter relic density is used to calculate the allowed Sommerfeld enhancement factor for the cross section at low temperature. The result is important for determining the relic abundance of asymmetric Dark
Matter when the Sommerfeld effect plays the role in the low velocity.
